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Background:  Developing  criteria  for  assessing  patellofemoral  kinematics  is crucial  to  understand,  eval-
uate,  and  monitor  patellofemoral  function.  The  objective  of  this study  was to assess  a sequential  3D
analysis  method  based  on  biplanar  radiographs,  using  an  in  vitro  protocol.
Hypothesis:  Biplanar  radiography  combined  with  novel  3D  reconstruction  methods  provides  a reliable
evaluation  of patellofemoral  function,  without  previous  imaging.
Material  and  methods:  Eight  cadaver  specimens  were  studied  during  knee  ﬂexion  cycles  from  0◦ to
60◦ induced  by  an  in  vitro  simulator.  The  protocol  was  validated  by investigating  sequential  and  con-
tinuous  motion  using  an optoelectronic  system,  evaluating  measurement  accuracy  and  reproducibility
using  metallic  beads  embedded  in  the  patella,  and  comparing  the 3D patellar  geometry  to  computed
tomography  (CT)  images.
Results:  The  differences  in  position  between  the  sequential  and  continuous  kinematic  analyses  were less
than  1 mm  and  1◦. The  protocol  proved  reliable  for tracking  several  components  of  knee  movements,
including  patellar  translations,  ﬂexion,  and  tilt.  In this  analysis,  uncertainty  was  less  than  2 mm  for  trans-
lations  and  less  than  3◦ for rotations,  except  rotation  in  the  coronal  plane.  For  patellar  tilt,  uncertainty
was  5◦.  Mean  difference  in  geometry  was  0.49  mm.
Discussion:  Sequential  analysis  results  are consistent  with  continuous  kinematics.  This analysis  method
provides  patellar  position  parameters  without  requiring  previous  CT  or  magnetic  resonance  imaging.
A clinical  study  may  deserve  consideration  to  identify  patellofemoral  kinematic  proﬁles  and  position
criteria  in vivo.
Level of evidence:  IV,  experimental  study.
©  2015  Elsevier  Masson  SAS.  All  rights  reserved.. Introduction
Patellofemoral kinematics is challenging to evaluate. Quanti-
ative and qualitative characterisation of patellar tracking is not
easible in everyday practice yet would add useful information
o the functional evaluation of patients with patellar instabil-
ty or patellar pain syndromes. Furthermore, the lack of reliable
nd widely available investigative tools has prevented an accurate
etermination of potential associations between kinematic abnor-
alities and clinical patellofemoral disorders. Patellar kinematics
nd alignment differed between weight-bearing and non-weight-
earing conditions in patients with patellofemoral pain syndrome
∗ Corresponding author.
E-mail address: louisdagneaux@gmail.com (L. Dagneaux).
http://dx.doi.org/10.1016/j.otsr.2015.07.017
877-0568/© 2015 Elsevier Masson SAS. All rights reserved.(PFPS) [1] and, in two  other studies, were not signiﬁcantly differ-
ent between symptomatic and asymptomatic knees [2,3]. A recent
literature review suggests that abnormal patellar kinematics and
alignment may  be mere risk factors and that studies are needed to
accurately deﬁne normal patellar tracking [4]. We  agree that identi-
fying changes in patellar position is essential to the understanding,
evaluation, and monitoring of patellofemoral function.
As a preliminary to the development of new in vivo investiga-
tion techniques, several groups have performed in vitro validation
studies. Motion detected by skin sensors proved unreliable, due to
movements of the skin over the bone [5]. Most published studies
relied on optoelectronic systems [6–8], ultrasound [9], electromag-
netic sensors [9–11], or ﬂuoroscopy [12,13]. Most of these methods
require preliminary computed tomography (CT) to collect reliable
data on bone geometry for the kinematic analyses. Biplanar radio-
graphy is a recently developed method allowing low-radiation dose
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(Fig. 1. Automated in vitro knee ﬂexion simulator.
maging of the lower limbs in the standing position. It has been eval-
ated as a tool for knee kinematics studies [14,15], in combination
ith new modelling and 3D reconstruction techniques [16,17].
The objective of this work was to evaluate the accuracy and
eproducibility of a sequential biplanar patellofemoral imaging
rotocol used to study cadaver knee ﬂexion induced by an auto-
ated simulator. The working hypothesis was that patellofemoral
inematics could be reliably evaluated using a biplanar imaging
ystem and new reconstruction techniques.
. Material and methods
.1. Cadaver specimens
Eight lower limbs from four fresh frozen (within the last
2 hours) cadavers were studied. There were 2 males and 2 females
ged 65 to 78 years at death (mean, 74 years). The lower limbs were
arvested after approval by the ethics committee of the Saints-
ères Pathology Laboratory (Institut d’Anatomie, UFR Biomédicale
es Saints-Pères, Université René Descartes, Paris, France). Each
imb was harvested by disarticulating the coxo-femoral and talo-
rural joints [14] then stored at −20 ◦C. Before the experiments, the
pecimens were allowed to thaw at room temperature for 12 hours.
The eight specimens were divided into two groups. Four limbs
ere equipped with tripods bearing passive infrared markers [14]
or the sequential kinematics analysis. The remaining four limbs
ad metallic beads embedded in the patella (medial and lateral
acets and apex) for the evaluation of accuracy and reproducibility.
.2. Automated in vitro knee ﬂexion simulator
The knee ﬂexion simulator rotated the tibia around the femur,
hich was ﬁxed (Fig. 1). This device was previously validated at our
aboratory during a preliminary feasibility study [14]. Two weights
f 10 N each were applied to the distal tibia using a cord and pul-
ey system. The point of weight application projected onto the
entre of the femoral head, and the force vector produced by the
eights was along the mechanical axis of the femur. Knee ﬂexion-
xtension cycles were generated using an electric linear actuator
DSZY1, Drive-System Europe Ltd., Werther, Germany) applied to: Surgery & Research 101 (2015) 811–818
the quadricipital tendon using a steel cable secured by a metal
clamp (traction speed, 12 mm/s  for the continuous analysis).
2.3. Biplanar radiograph acquisition protocol and 3D
interpretation method
The specimen attached to the simulator was  positioned within
the imaging system booth (EOS, EOS Imaging, Paris, France). For
each specimen, sequential, simultaneous, biplanar, static, cali-
brated images were acquired in ﬁve positions, in the following
order: 0◦, 20◦, 30◦, 45◦, and 60◦ of knee ﬂexion. The 0◦ position
(full knee extension, taken as the reference) allowed manual track-
ing of the femoral and patellar bone contours and of the infrared
tripods or metallic beads. The templates thus obtained served to
generate an individual model for each specimen, using a 3D recon-
struction algorithm (Fig. 2). Image matching was then achieved by
manually matching each 3D object to its contours on the following
biplanar views. As the femur was  ﬁxed, no matching was required
for the femoral images. Speciﬁc anatomical regions were deﬁned
and used to develop an anatomical coordinate system for each 3D
object (Fig. 3), which then served to quantify the changes in position
of each object from one sequential image to the next [14,17–19].
A personalised programme (MATLAB V5R20, Mathworks, Natick,
MA,  USA) was used to compute the position of the patella, infrared
tripods, and metallic beads relative to the femur in each of the ﬁve
knee ﬂexion positions, from the linear and angular data provided by
the coordinate systems. The angle sequence (Y, X′, Z′′) was selected
to compute the angle matrix. The patellar 3D kinematic proﬁle was
expressed as six degrees of freedom, i.e., three translations and
three rotations (Fig. 4).
2.4. In vitro validation procedure
2.4.1. Analysis of continuous and sequential motion
In the group of four limbs equipped with tripods bearing infrared
markers, the initial 3D coordinates of each tripod were recorded
using an optoelectronic motion capture system (POLARIS®, Spec-
tra, NDI, Waterloo, Ontario, Canada) with two cameras (Fig. 5). The
coordinates were recorded continuously from the fully extended
position (0◦ of ﬂexion) to 60◦ of ﬂexion. To assess uniformity of the
simulator cycles, continuous recordings were obtained for six con-
secutive ﬂexion-extension cycles. The biplanar protocol was then
executed with the four limbs equipped with tripods. The sequen-
tial tripod positions determined after manual image matching were
then compared to the positions recorded continuously by the opto-
electronic system.
2.4.2. Biplanar reconstruction analysis of bone geometry
The four limbs studied using metallic beads were ﬁrst imaged
using a 256-slice CT machine (iCT 256, Philips Healthcare, Best, The
Netherlands), at the polyvalent radiology department of the Pitié-
Salpêtrière Teaching Hospital, Paris, France. A reference model
of the bone geometry of each patella was obtained by segmen-
tation of each axial slice less than 1 mm in thickness, using
dedicated software (Avizo® v7.1.0, VSG, FEI, Hillsboro, OR, USA).
The two  3D patellar geometry models obtained using the biplanar
reconstruction algorithm and CT segmentation, respectively, were
superimposed and compared.
2.4.3. Analysis of accuracy and reproducibility
The biplanar protocol was executed on the four limbs equipped
with metallic beads. Two operators with extensive experience in
biplanar reconstruction (LD and BE) worked independently to pro-
duce three sequences of reconstruction and matching of the relative
positions of the beads and patella, in order to evaluate the uncer-
tainty for each degree of freedom (Fig. 6). The exact position of
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Fig. 2. 3D reconstruction in the reference position based on biplanar radiographs. A. Sele
B.  Reconstruction using a 3D algorithm.
Fig. 3. Construction of the anatomical landmarks on the femur (A) and patella (B).ction of femoral landmarks and identiﬁcation of the patellar contours and tripods.
the patella was estimated using the mean bead position as the
reference. Thus, accuracy was  evaluated by comparing the bead
positions to the matching patellar positions. Reproducibility was
assessed based on differences in positions determined by the two
operators.
2.5. Statistical analysis
The statistical analysis was performed using MATLAB® soft-
ware (Mathworks, Natick, MA,  USA). Differences and variations in
relative positions were expressed for two standard deviations, cor-
responding to the 95% conﬁdence interval (95% CI) and deﬁning
uncertainty. Reproducibility was assessed based on variations in
patellar position matching for each degree of freedom (ISO norm
5725:2). Comparisons of 3D object bone geometry relied on the
least-squares method and involved computing the mean and max-
imum errors with the 95% CIs of all point-to-surface distances for
the two  3D objects.
3. Results
3.1. Comparison of continuous and sequential motion
For the six continuous ﬂexion-extension cycles, variations in
patellar shift and rotation were less than 0.5 mm and 0.5◦, respec-
tively (Fig. 7). In comparisons of sequential tripod positions versus
continuous tripod position recordings, the differences were less
than 1 mm for translations and 1◦ for rotations.
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Fig. 4. Description of the six degrees of freedom of the patella. Lateral shift is designated with a plus sign and external tilt with a minus sign.
Fig. 5. In vitro validation protocol.
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Cig. 6. A. Selection of the femoral landmarks and of the contours of the patella and
.2. Validation of the reference standard based on metallic bead
osition measurements
Table 1 reports the reproducibility of the recording of the three
etallic beads. For all degrees of freedom, 95% CI values were about
.1 mm and 0.5◦. These results validate the use of our position mea-
urement method as the reference standard.
.3. Accuracy and reproducibility of patellar position relative to
he femur
Reproducibility and accuracy were assessed by having two oper-
tors each performs three reconstructions of each of four lower
imbs (yielding 24 reconstructions of the femur and patella in all)
nd patellar image matching at each of the four additional degrees
f ﬂexion (yielding 24 matches in all). Table 1 reports the 95% CIs
or each patellar degree of freedom. Table 2 shows an example
f a comparison between the image matching variations and the
osition of the beads taken as the reference standard.
.4. Analysis of patellar geometry using the reconstruction
ethodThe analysis of point-to-surface distances obtained using the
eometric model produced by 3D reconstruction and using CT
mage segmentation showed a mean error of 0.49 mm with a 95%
I of 1.32 mm (maximum, 2.78 mm).lic beads. B. Reconstruction with visualisation of the contours of the 3D objects.
4. Discussion
Two  approaches were used to validate the kinematic analy-
sis method, namely, comparisons of continuous versus sequential
motion and quantiﬁcation of the accuracy and reproducibility
of patellar position measurements, including the accuracy of 3D
patellar geometry. The validation process relied on two reference
standards: one was  an evaluation using infrared tripods coupled to
an optoelectronic system, and the other monitored the position of
metallic beads. Our choice of an optoelectronic system as the ref-
erence standard for analysing continuous motion was based on the
previously reported reliability of this technique [6,7,14]. However,
overlap between the infrared tripods (which fails to closely repli-
cate in vivo conditions) was  an obstacle to contour acquisition and
patellar image matching. The use of metallic beads not only elimi-
nated problems related to bulky material with tripod overlap, but
also proved reliable (reproducibility of about 0.1 mm and 0.5◦ in
this study). The metallic bead method was therefore chosen as the
reference for determining patellar position.
When studying kinematics, the knee ﬂexion simulator must pro-
duce uniform ﬂexion-extension cycles, to ensure that the analysis
of continuous motion is relevant and closely replicates in vivo ﬁnd-
ings. The concepts underlying the simulator used in our study,
described by Azmy et al. [14], simulate reliable and reproducible
cycles: the femur is ﬁxed and the tibia free, the tibio-ﬁbular lig-
aments and inter-osseous membrane are preserved, and force is
applied to the quadricipital tendon in a single direction identical
to that of the mechanical femoral axis. Choosing this simulator
minimised the risk of experimental errors due to approximation
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f the participation of the vastus medialis, vastus lateralis, vas-
us intermedius, and rectus femoris muscles. The direction and
agnitude of the forces developed by these muscles have little
nﬂuence on patellar kinematics under experimental conditions
11,20]. The knee ﬂexion simulator used for this study generated
ighly reproducible ﬂexion-extension cycles for a given limb spec-
men, an essential prerequisite for comparisons of continuous and
equential kinematics. Furthermore, in our study, the differences in
atellar position between continuous and sequential motion were
mall (about 1◦ and 1 mm).  These differences are probably smaller
n vitro than in vivo, given the effects of weight bearing and mus-
le strength. The patellofemoral kinematics of the various cycles
nvestigated using the optoelectronic system is similar to results
btained previously in vivo, with the degree of knee ﬂexion inﬂu-
ncing some parameters (Tx, Ty, and Rz) but not others (Tz, Rx,
nd Ry) [7]. In this study, during patellar tracking, slight medial
hift and medial tilt were detected during the ﬁrst few degrees
f ﬂexion, in keeping with previous descriptions of patellofemoral
able 1
stimation of the 95% conﬁdence intervals for reproducibility and accuracy for each of th
95% CI Translations (mm)  
Tx Ty Tz 
Reproducibility of metallic bead recording
0.1 0.1 0.1
Accuracy of patellar position relative to the femur
0.8 0.7 1.7
Reproducibility of patellar position relative to the femur
1.1 1 2.2
5% CI: 95% conﬁdence interval; Tx: translation in the coronal plane; Ty: translation in th
y:  rotation in the axial plane; Rz: rotation in the sagittal plane.s assessed using an optoelectronic system, for each degree of freedom.
kinematics [7,10,21]. Thus, the kinematic proﬁles documented in
our study are consistent with those obtained using other in vitro
preparation and analysis protocols. We elected to describe sequen-
tial patellar kinematics relative to the femur not only because the
testing rig required ﬁxing the femur, but also because this method
was used in most previous studies [22,23]. When performing in vivo
analyses, the movements of the femur and patella must be taken
into account independently from each other, before determining
the overall patellofemoral kinematics proﬁle.
The accuracy of patellar translations measurements in this study
varied from 0.7 to 1.7 mm.  Measurements of rotation in the sagittal
plane (Rz) and axial plane (Ry) also showed good precision (2.5◦
and 1◦, respectively). Accuracy was  poorer for rotation in the coro-
nal plane (about 6◦), due to difﬁculties in delineating the patellar
contours in this plane and to the absence of identiﬁable morpho-
logical criteria. These precision values should be taken into account
for in vivo analyses of patellar tracking in patients with disor-
ders of the knee [15]. Studies of knee kinematics analysed using
e six degrees of freedom of the patella.
Rotations (◦)
Rx Ry Rz
 0.5 0.6 0.5
 6.5 2.5 1
 5.8 5 2
e axial plane; Tz: translation in the sagittal plane; Rx: rotation in the coronal plane;
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Table  2
Analysis of accuracy and reproducibility of measurements on the PA13020D specimen. Variability in positions of manual image matching (median and range) compared to
the  bead position means (reference standard) for each degree of freedom and each degree of ﬂexion.
Tx (mm) Ty  (mm) Tz (mm)  Rx (◦) Ry (◦) Rz (◦)
0◦
Image matching 50.6
[50,51]
18.4
[18,20]
8.5
[7,10]
8.2
[5,12]
−7.3
[−6, −8]
−0.5
[0,−2]
Beads  50.6 18.4 8.5 8.2 −7.3 −0.5
20◦
Image matching 52.3
[52,53]
4.6
[4,6]
8.6
[6,9]
6.4
[1,8]
−7.5
[−6, −13]
−9.5
[−8, −11]
Beads  52.5 4.4 7.7 7.6 −5.9 −8.4
30◦
Image matching 50.8
[50,51]
−2.1
[−1, −3]
8
[6,9]
6.4
[4,11]
−5.9
[−4, −12]
−14.4
[−14, −16]
Beads  50.9 −2.2 6.9 8.6 −4.4 −13.7
45◦
Image matching 45.7
[45,46]
−11.7
[−11, −12]
6.6
[5,8]
6.1
[3,12]
−4.9
[−4, −9]
−23.6
[−22, −25]
Beads  45.9 −11.9 4.9 8.4 −4.9 −23.7
60◦
Image matching 38.6
[38,39]
−19
[−18, −20]
6.5
[5,7]
4.1
[2,9]
−7.1
[−4, −11]
−37.7
[−36, −40]
Beads  38.9 −18.9 4.5 7.6 −7 −37.6
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tx: translation in the coronal plane; Ty: translation in the axial plane; Tz: translatio
z:  rotation in the sagittal plane.
iplanar radiography have been published [15,24–26]. However,
ur method is original in that it relies solely on geometric data
btained by contouring (limb-speciﬁc 3D models) and thus requires
o preliminary imaging. The CT images obtained in this protocol
erved only for the geometric evaluation. Bey et al. [15] reported
xcellent accuracy, with less than 0.5 mm and 1◦ of error, but their
cquisition method requires a high-resolution volumetric analysis
f the femur and patella using CT combined with a reconstruction
hase. Sharma et al. [25] obtained similar results using prelimi-
ary CT imaging and a calibration frame. To be suitable for use in
veryday clinical practice, however, a protocol must be as simple
nd widely available as possible, require no preliminary imaging,
nd involve the smallest possible number of image- and data-
rocessing steps.
Few published data are available on the reproducibility of
easurement protocols [7,22]. Reproducibility is a crucial con-
ideration when data are acquired manually (contour delineation,
mage matching). With the protocol described here, intra-operator
ariability was small for measurements of patellar translations and
agittal rotation (Rz). Greater intra-operator variability occurred
or coronal and axial rotation, a ﬁnding ascribable to challenges in
elineating the patellar contours and in achieving image matching
t 45◦ and 60◦ of ﬂexion, related to overlap of the femur and to
ifﬁculties in identifying the apex of the patella. The difﬁculty of
mage matching for coronal rotation on the antero-posterior view
ncreases with the degree of patellar ﬂexion, and this variability
nﬂuences the reproducibility associated with the other rotations.
n the lateral view also, the absence of identiﬁable landmarks is
 hindrance. Analyses of patellar tracking in vivo should therefore
e limited to the beginning of knee ﬂexion (0◦–45◦), as uncertainty
ay  increase with further ﬂexion. In patients with patellofemoral
isorders, the kinematic abnormalities occur in the 0◦–30◦ range
f ﬂexion and may  exhibit relative differences (about 5◦ of tilt on
verage in PFPS) [4,27].
Using biplanar contours with no preliminary imaging creates
ethodological challenges related to the small size of the patella
nd absence of reliable patellar landmarks. Mean error in 3D geom-
try was less than 1 mm for the four patellae studied. This 3D
eometry is of the utmost importance, as it governs the descrip-
ion of the reference patellar model involving determination of
he regions of interest (medial facet, lateral facet, and apex). Ithe sagittal plane; Rx: rotation in the coronal plane; Ry: rotation in the axial plane;
also inﬂuences the accuracy and reproducibility of the protocol
[9]: as the reliability of the 3D geometry decreases, the uncer-
tainties regarding its sequential position increase. In patients with
marked morphological abnormalities (chieﬂy dysplasia), the effect
of patellar geometry on the system of coordinates should be taken
into account. In this study, none of the specimens exhibited patel-
lar dysplasia. In addition, the errors in geometry were greatest at
the lateral edge, whereas hypoplasia affects the medial side of the
patella. Thus, a more speciﬁc study is needed to assess uncertainties
related to patellar dysplasia.
This in vitro validation protocol has several limitations. The ﬁrst
is the small number of specimens studied with each validation
approach, with the use of both limbs of each of 4 individuals.
The variability in sequential proﬁles may  be ascribable to vari-
ability across specimens related to differences in morphology or
kinematics. The two  limbs from the same individual tend to be
anatomically similar [28], and morphological variations of the distal
femur chieﬂy involve the anterior part of the femoral condyles and
the trochlear contours [14,22]. We  therefore used posterior condyle
morphology as the reference for constructing the femoral anatom-
ical landmark. Regarding patellar sources of variability, bilateral
evaluations suggest that patellar kinematics and geometry may  not
be symmetrical [29]. The largest differences between the right and
left sides were 2.14◦ for rotation, 0.46◦ for tilt, and 1.30 mm for
shift, and none of the differences was  statistically signiﬁcant [2].
The second limitation is the use of an in vitro model. Only passive
knee ﬂexion can be replicated with such a model, which therefore
provides only a rough approximation of the in vivo dynamic effects
of active patellar stabilisers [22,30].
However, we  developed a new sequential approach to the
in vitro assessment of patellofemoral tracking, based on innova-
tive 3D reconstruction methods and on an imaging system that
is proving useful in an ever-increasing range of situations. Fur-
thermore, the absence of preliminary imaging (CT or magnetic
resonance imaging) and the low-radiation exposure support the
feasibility of this protocol in vivo. A detailed description of the
reconstruction and image matching steps should allow any clini-
cian or technician trained in biplanar reconstruction to carry out
this protocol, as is already the case for other functional eval-
uations and for EOS measurements. Finally, this protocol may
ﬁnd many clinical applications, including deﬁning patellofemoral
8 tology
k
p
t
k
D
s
i
d
ﬁ
A
R
T
m
G
T
C
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[29] Laprade J, Lee R. Real-time measurement of patellofemoral kinematics in
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inematics of the asymptomatic knee, evaluating differences in
osition in a patient with patellofemoral instability, and quanti-
ating the post-operative effect of surgery done to correct patellar
inematics during weight bearing.
isclosure of interest
L.D: grant awarded by the SOFCOT during the conduct of the
tudy.
The authors P.T, B.E and F.C declare that they have no competing
nterest.
WS: grant awarded by the Fondation ParisTech during the con-
uct of the study; co-inventor of the EOS system, with no personal
nancial beneﬁts.
cknowledgements
This work was supported by the SOFCOT via the Année
echerche 2013 grant.
The authors also thank the partners involved in the Chaire Paris-
ech BiomecAM programme for subject-speciﬁc musculo-skeletal
odelling and, more speciﬁcally, the Fondation ParisTech, Société
énérale, and COVEA group; as well as Benjamin Aubert and
homas Joubert at the Institut de Biomécanique Humaine Georges-
harpak for their technical support.
eferences
[1] Draper CE, Besier TF, Fredericson M,  Santos JM,  Beaupre GS, Delp SL, et al.
Differences in patellofemoral kinematics between weight-bearing and non-
weight-bearing conditions in patients with patellofemoral pain. J Orthop Res
2011;29:312–7.
[2] MacIntyre NJ, Hill NA, Fellows RA, Ellis RE, Wilson DR. Patellofemoral joint
kinematics in individuals with and without patellofemoral pain syndrome. J
Bone Jt Surg 2006;88:2596–605, http://dx.doi.org/10.2106/JBJS.E.00674.
[3]  Harman M,  Dogan A, Arslan H, Ipeksoy U, Vural S. Evaluation of
the  patellofemoral joint with kinematic MR  ﬂuoroscopy. Clin Imaging
2002;26:136–9.
[4] Song CY, Lin JJ, Jan MH,  Lin YF. The role of patellar alignment and tracking
in vivo: the potential mechanism of patellofemoral pain syndrome. Phys Ther
Sport 2011;12:140–7.
[5] Cheung RT, Mok  NW,  Chung PY, Ng GY. Non-invasive measurement of the
patellofemoral movements during knee extension-ﬂexion: a validation study.
Knee 2013;20:213–7.
[6] Jenny JY, Lefebvre Y, Vernizeau M,  Lavaste F, Skalli W.  In vitro optoelectronic
analysis of the continuous active knee kinematics. Rev Chir Orthop Rep Appar
Mot 2002;88:790–6.
[7] Philippot R, Chouteau J, Testa R, Moyen B. In vitro analysis of patellar kine-
matics: validation of an opto-electronic cinematic analysis protocol. Knee Surg
Sports Traumatol Arthrosc 2009;18:161–6.[8] Belvedere C, Leardini A, Ensini A, Bianchi L, Catani F, Giannini S.
Three-dimensional patellar motion at the natural knee during passive ﬂex-
ion/extension. An in vitro study. J Orthop Res 2009;27:1426–31.
[9] Ostermeier S, Holst M,  Bohnsack M,  Hurschler C, Stukenborg-Colsman C, Wirth
CJ.  In vitro measurement of patellar kinematics following reconstruction of
[: Surgery & Research 101 (2015) 811–818
the medial patellofemoral ligament. Knee Surg Sports Traumatol Arthrosc
2006;15:276–85.
10] Amis AA, Senavongse W,  Bull AMJ. Patellofemoral kinematics during knee
ﬂexion-extension: an in vitro study. J Orthop Res 2006;24:2201–11.
11] Lorenz A, Müller O, Kohler P, Wünschel M, Wülker N, Leichtle UG.  The inﬂuence
of  asymmetric quadriceps loading on patellar tracking – an in vitro study. The
Knee 2012;19:818–22.
12] Ahmed AM,  Duncan NA, Tanzer M.  In vitro measurement of the tracking pattern
of  the human patella. J Biomech Eng-Trans Asme 1999;121:222–8.
13] Nagamine R, Otani T, White SE, McCarthy DS, Whiteside LA. Patellar tracking
measurement in the normal knee. J Orthop Res 1995;13:115–22.
14] Azmy C, Guérard S, Bonnet X, Gabrielli F, Skalli W.  EOS orthopaedic imaging
system to study patellofemoral kinematics: assessment of uncertainty. Orthop
Traumatol Surg Res 2010;96:28–36.
15] Bey MJ,  Kline SK, Tashman S, Zauel R. Accuracy of biplane x-ray imaging com-
bined with model-based tracking for measuring in-vivo patellofemoral joint
motion. J Orthop Surg 2008;3:38.
16] Laporte S, Skalli W,  De Guise JA, Lavaste F, Mitton D. A biplanar reconstruction
method based on 2D and 3D contours: application to the distal femur. Comput
Methods Biomech Biomed Engin 2003;6:1–6.
17] Chaibi Y, Cresson T, Aubert B, Hausselle J, Neyret P, Hauger O, et al. Fast 3D
reconstruction of the lower limb using a parametric model and statistical infer-
ences and clinical measurements calculation from biplanar X-rays. Comput
Methods Biomech Biomed Engin 2012;15:457–66.
18] Quijano S, Serrurier A, Aubert B, Laporte S, Thoreux P, Skalli W. Three-
dimensional reconstruction of the lower limb from biplanar calibrated
radiographs. Med Eng Phys 2013;35:1703–12.
19] Grood ES, Suntay WJ.  A joint coordinate system for the clinical descrip-
tion  of three-dimensional motions: application to the knee. J Biomech Eng
1983;105:136–44.
20] Elias JJ, Bratton DR, Weinstein DM, Cosgarea AJ. Comparing two estimations
of the quadriceps force distribution for use during patellofemoral simulation. J
Biomech 2006;39:865–72.
21] Zaffagnini S, Colle F, Lopomo N, Sharma B, Bignozzi S, Dejour D, et al. The inﬂu-
ence of medial patellofemoral ligament on patellofemoral joint kinematics and
patellar stability. Knee Surg Sports Traumatol Arthrosc 2012;21:2164–71.
22] Katchburian MV,  Bull AMJ, Shih Y-F, Heatley FW,  Amis AA. Measurement
of patellar tracking: assessment and analysis of the literature. Clin Orthop
2003;412:241–59.
23] Bull A, Katchburian M,  Shih Y-F, Amis A. Standardisation of the description
of  patellofemoral motion and comparison between different techniques. Knee
Surg Sports Traumatol Arthrosc 2002;10:184–93.
24] Baka N, Kaptein BL, Giphart JE, Staring M,  de Bruijne M,  Lelieveldt BP, et al.
Evaluation of automated statistical shape model based knee kinematics from
biplane ﬂuoroscopy. J Biomech 2014;47:122–9.
25] Sharma GB, Saevarsson SK, Amiri S, Montgomery S, Ramm H, Lichti DD, et al.
Radiological method for measuring patellofemoral tracking and tibiofemoral
kinematics before and after total knee replacement. Bone Jt Res 2012;1:263–71.
26] Giphart JE, Zirker CA, Myers CA, Pennington WW,  LaPrade RF. Accuracy of a
contour-based biplane ﬂuoroscopy technique for tracking knee joint kinemat-
ics  of different speeds. J Biomech 2012;45:2935–8.
27] Powers CM.  Patellar kinematics, part II: the inﬂuence of the depth of the
trochlear groove in subjects with and without patellofemoral pain. Phys Ther
2000;80:965–73.
28] Dargel J, Feiser J, Gotter M,  Pennig D, Koebke J. Side differences in the anatomy
of human knee joints. Knee Surg Sports Traumatol Arthrosc 2009;17:1368–76,
http://dx.doi.org/10.1007/s00167-009-0870-5.30] Brossmann J, Muhle C, Schröder C, Melchert UH, Büll CC, Spielmann RP, et al.
Patellar tracking patterns during active and passive knee extension: evaluation
with motion-triggered cine MR  imaging. Radiology 1993;187:205–12.
